atmospheric mercury could be higher than normal due to the burning of fossil fuels and industrial activities; (3) areas with natural emissions from volcanoes; and (4) pristine areas where no anthropogenic influence was apparent. All the surveys were performed using portable LUMEX RA-915 series atomic absorption spectrometers. The results for cities fall within a low GEM concentration range that rarely exceeds 30 ng m -3 , that is, 6.6 times lower than the restrictive ATSDR threshold (200 ng m -3 ) for chronic exposure to this pollutant. We also observed this behavior in the former mercury mining districts, where few data were above 200 ng m Introduction Ever since the so-called Minamata incident in Japan in 1956 (e.g., Harada 1995 , when the first patient was reported as suffering from neurological symptoms, mercury has raised great fears in the international scientific community and the society. The pressure exerted on government officials has been immense and ultimately has led to restrictions on production and exports in many key countries of the world. For example, the United States of America joined the European Union in setting a date to ban their mercury exports, thereby reducing the supply of commodity mercury into the world market (Mercury Policy Project 2008) . Besides, the European Union was very explicit on this matter, banning the export of metallic mercury (Hg 0 ), cinnabar ore (HgS), mercury (I) chloride (Hg 2 Cl 2 ), mercury oxide (HgO) and mixtures of metallic mercury with other substances, including alloys of mercury with a mercury concentration of at least 95 % weight by weight (DEFRA 2010) .
In particular, atmospheric mercury supposes two types of risks for human heath: (1) a direct one, related to the inhalation of gaseous mercury (at work/home), resulting in a diversity of effects on human physiology (Clarkson and Magos 2006; WHO 2000) . Saleem et al. (2013) ; Smith et al. (1970 Smith et al. ( , 2013 ; Yuen et al. (2000) ; and (2) collateral risks, related to changes in mercury species, for example, gaseous elemental mercury (GEM) into reactive gaseous mercury (RGM), or RGM into methylmercury (increasing health risks; Lindqvist and Rodhe 1985; Holmes et al. 2010; Lin and Pehkonen 1999; Bernhoft 2012; Chan and Egeland 2004; Grandjean et al. 2010, among many others) . This is the reason why international programs for atmospheric mercury monitoring have been promoted worldwide Pacyna et al. 2010; Pirrone et al. 2013; Selin et al. 2007; Sprovieri et al. 2010) .
In order to provide information on this global pollutant from contrasted environmental settings, we present a compilation of field data on atmospheric mercury (GEM) from 27 different sampling sites located in Europe, South America, South Africa and China ( Fig. 1 ). Our surveys were carried out using portable LUMEX RA-915 series atomic absorption spectrometers, property of the different institutes or universities involved in this study. As the instrument is calibrated by the same device and the calibration verified by the producer, the measurement results in all these different sites is traceable to the same source and can be regarded as comparable. Also to note is that our measurements were carried out covering a long time span, with the first surveys carried out in 1995, and the last ones in 2012.
We also discuss the potential sources of this pollutant and whether GEM may pose (or not) a risk to human health in the different studied localities.
Materials and methods
Our field surveys for GEM were carried out by car, on foot or at fixed locations, during different time intervals in mining districts, cities, or pristine locations from Argentine, Bolivia, Bosnia and Herzegovina, Brazil, Chile, China, Croatia, Finland, Italy, Russia, South Africa, Spain, Slovenia and Venezuela (Fig. 1) . In most cases, the equipment measured and registered one GEM concentration every second, but in others we used integrating times over one second: in this case, the device gives the average concentration for the integration time. Table 1 shows general information about the surveys. Background (reference) levels were established on the basis of surveys carried out in areas without known Hg pollution, or, for polluted areas, using transects away from the main Hg sources. Given the variability of GEM concentrations, we decided to test the type of statistical distribution that would best fit the data sets to avoid ulterior distortions. The Gaussian or normal distribution is assumed to describe the random variation that occurs in a data set. However, many distributions show important skewness, which disappears if we deal with the logarithm of the values (log x). This behavior is typical of trace elements, where a few high concentration data distort a distribution characterized by low concentrations. Thus, if log x distributes normally, we say that this distribution is log-normal (e.g., Limpert et al. 2001) . In this regard, after testing data distribution, the normal distribution proved to have a strong skewness, and therefore, our data were log-transformed, which better fitted the Gaussian bellshaped pattern. This allowed us to calculate the geometric mean and to produce histograms for quick visualization of distribution data (Figs. 2, 3) .
The instrument of choice for the surveys was the widely used LUMEX RA-915, which has proved to be very reliable for GEM studies, having been used in a large number of surveys worldwide; for example, a few studies (among many) conducted during the last decade include those of Palinkas et al. (1990) , Sholupov et al. (2004) , Higueras et al. (2005 Higueras et al. ( , 2006 Higueras et al. ( , 2012 Higueras et al. ( , 2013 , Kotnik et al. (2005) , Kim et al. (2006) , García-Sánchez et al. (2006a, b) , Aiuppa et al. (2007) , Almeida et al. (2008) , Llanos et al. (2010) , Fu et al. (2011 ), Martínez-Coronado et al. (2011 ), Kocman et al. (2011 ), Yasutake et al. (2011 and Vaselli et al. (2013) . The LUMEX RA-915 series analyzers for continuous GEM measurements (models RA-915? and 915M) are portable multifunctional atomic absorption spectrometers, with Zeeman background correction, which eliminates the effect of interfering impurities (Sholupov and Ganeyev 1995) . These are high sensitivity and selectivity instruments that do not require gold amalgam preconcentration and subsequent regeneration steps. This enables the user to conduct real-time monitoring. The quality and performance of the LUMEX RA-915 instrument have been verified at the Advanced Monitoring Systems Center S. Giammanco Instituto Nazionale di Geofisica e Volcanologia, Catania, Italy J. Huremović Prirodno matematicki fakultet, Sarajevo, Bosna and Herzegovina Environ Geochem Health (2014) 36:713-734 715 (USA) during test works commissioned by the US EPA (2001) . The analytical procedure is based on Zeeman atomic absorption spectrometry with highfrequency modulation of light polarization (ZAAS-HFM; Sholupov and Ganeyev 1995; Sholupov et al. 2004) . Application of Zeeman background correction and a multipath analytical cell provides high selectivity and sensitivity of measurements. The instrument allows determination of Hg in air directly with an ultra low detection limit in real time. ) with response time of 1 s, although we also taken into account the readings below 2 ng m -3 since these are also acceptable by the required data quality objectives of the Fourth Air Quality Daughter Directive (Brown et al. 2010a, b) . Although from a strict analytical point of view, these figures may be a bit less reliable, and they nonetheless reflect the existence of very low concentrations of GEM; hence, it would have been unwise to discard such valuable information. For a complete description of the method and instrumentation, see Sholupov et al. (2004) .
Results and discussion

The surveys
We have divided our sampled areas in four groups ( Fig. 1): (1) areas in which the mining of alluvial gold using mercury for amalgamation, or mercury extraction from cinnabar, poses or has posed a potential risk Fig. 1 Sampling sites indicating the group (G1-3) they belong to: 1 mining districts; 2 cities; and 3 pristine areas for human populations and/or the environment; (2) cities, where the concentration of atmospheric mercury could be higher than normal due to (for example) to the burning of fossil fuels; (3) volcanic areas, where mercury emissions are mostly of natural origin; and (4) pristine areas where no anthropogenic influence is apparent.
Mining areas
We shall start with Group 1 and the transect (78 km) Almadén-Puertollano (Spain; Figs. 1, 2a) , which was carried out in February 2002, when the metallurgical plant of Almadén was still operating. Almadén was, until the closure (2003) of the mines and the metallurgical plant, the largest producer of mercury worldwide. The mining district hosts the world's largest cinnabar mine (Almadén) and five other smaller mines that were active at different historical periods. In this respect, the whole district area can be regarded as the world's largest mercury geochemical anomaly, not only because of its millennial mining history but also due to the widespread presence of the element in the area (Gray et al. 2004; Higueras et al. 2006) . The polluted environmental setting is completed with the existence of waste dumps materials that were traditionally used throughout history to mend local roads and tracks, thus contributing to the dispersion of the element in the area (e.g., Martínez-Coronado et al. 2011) . On the other hand, the highly industrialized city of Puertollano is 65 km away from Almadén and hosts two coal-fired thermoelectric plants and a huge oil refinery. In more than a way, Puertollano has a notoriously polluted atmosphere (e.g., Moreno et al. 2006) , and given that mercury is emitted from coal combustion plants (e.g., Carpi 1997) and oil refineries (e.g., O'Rourke and Connolly 2003), and it was interesting to investigate what a transect between two polluted sites might reveal. The results (Fig. 2a) show a typical bimodal behavior, with a background population in the order of a few ng m -3 and an anomalous one in the order of a few hundred ng m -3 . The latter correspond to these areas where the influence of the metallurgical plant of Almadén is evident. Conversely, as shown by the Almadén-Puertollano transect and specific measurements carried out at the city of Puertollano (see also discussion on Group 2), the area has very low GEM concentrations, in the order of a few ng m -3 (Fig. 3a) . This defies preconceptions regarding combustion plants and mercury emissions (e.g., Carpi 1997; O'Rourke and Connolly 2003) and call for a reassessment of potential risks regarding this matter. The Asturias-Mieres (Spain; Figs. 1, 2b) survey was also puzzling as we expected substantially ''larger than normal'' concentrations of GEM. The studied area in northern Spain hosts two large potential sources of mercury emissions: (1) two coal-fired plants and (2) an abandoned cinnabar mining district comprising a few small mines, being the most important ones those of Terronal-La Peña in Mieres and Soterraña in Pola de Lena (Loredo et al. 1999 ). The survey was carried out in 2005 around Mieres and passed through the proximity of the already mentioned coal plants and mines. As shown by the graphic (Fig. 2b) , the concentrations form a large log-normal population in the range of a few to tens ng m -3 and a very small one in the order of a few hundred ng m -3 . Thus, it seems that neither the mines nor the combustion plants exert a strong influence on what GEM concentrations are concerned.
In Idrija (Slovenia), second biggest world mercury deposits were discovered more than five centuries ago. Since then until 1995, the area experienced extensive mining and cinnabar smelting history, which resulted in severe Hg contamination of local environment. After the mine and smelter closure, Hg concentrations in air have been monitored at several locations across Idrija area as well in its influence area down flow Idrijca and Soča rivers that continuously erode big amounts of contaminated material into the Gulf of Trieste (Ž agar et al. 2006; Kocman et al. 2011) . Nowadays in Idrija, main anthropogenic sources are still active mine ventilation shafts (Inzaghi, Pravica, Cegovnica), evaporation from heavily polluted former smelting plant area, chimney area, rock dumps of exploited ore and ore residues treated in various ways. In Pront area, an outcrop of mercury ore (native Hg) is the main natural source of atmospheric mercury, due to evaporation of elemental Hg from soil and base rock, as well as in Idrijca River it is due to erosion of soils with elevated Hg concentrations. Detailed car mapping of Idrija area was performed during different seasons in 1994 (Gosar et al. 1997 (Kotnik et al. 2005 ) and in 2006 (Kocman et al. 2011) . Air Hg measurements were also regularly performed, at fixed locations, in certain most polluted and populated places such as ventilation shafts, former smelting and chimney area, main town squares and ore outcrop in Pront, for last 12 years, either within regular monitoring program or other research activities. In Idrija town, during last 17 years after last smelting operation, Hg concentration in air decreased rapidly from more than 1,000 ng m -3 to few ng m -3 (measured in fall 2012 around the town). There are some locations around ventilation shafts, natural outcrop of Hg ore, and ore and smelting residue dumps where Hg in air still remains high (10-15 ng m -3 in fall 2012). Besides, Hg levels remain high around former smelting plant (*1,000-2,000 ng m -3 ) and chimney area, where concentrations of few tens of lg m -3 were measured (summer 2012). Distribution and Hg concentrations in air over the town of Idrija strongly depend on weather and wind conditions as during cold and windy weather, low concentrations were measured even at locations around former smelting facility, while hot and sunny weather promotes Hg evaporation from contaminated areas and thus locally increase air concentrations.
In Italy (Tuscany), we surveyed the Monte (Mt.) Amiata region (Figs. 1, 2c). For a complete description of the site, see for example Loppi (2001) and Morteani et al. (2011) . Mt. Amiata was the third largest mining district in Hg production and at present (as the rest of the European Hg mines) is closed. The Mt. Amiata volcano is the youngest and largest volcanic edifice in Tuscany (central-northern Italy) and is characterized by a geothermal field, exploited for the production of electrical energy. In the past, Mt. Amiata was also known as a world-class Hg district whose mining activity was mainly distributed in the central-eastern part of the volcanic complex, particularly in the township of Abbadia San Salvatore. The surveys for GEM were carried out by car (for longdistance regional surveys) and on foot (for local-scale measurements; Vaselli et al. 2013) . No reclamation measures had been carried out in the area before the surveys, which implies that the relicts of the mining and metallurgical activities were still emitting GEM to the atmosphere. Our transect for GEM was done between the relatively large Siele and Morone mines, which are located some 10 km southward of Abbadia San Salvatore. As one may expect, the area of Mt.
Amiata has large concentrations of GEM. There are several reasons for the existence of these large figures of up to thousands ng m -3 : (1) abandoned Hg mines and mineral dumps; (2) abandoned calcine dumps; (3) on-going Hg-rich volcanic-geothermal activity; and last but not least (4) a geothermal plant that operates with Hg-rich vapors. Thus, the existence of high concentrations exceeding 1,000 ng m -3 should not surprise anyone. Conversely, what is really odd is that these figures are rare in the data set, and not even the concentrations above 100 ng m -3 are particularly common. In fact, the log-normal distribution has a mode of a mere 12.6 ng m -3 ; this poses serious doubts on actual extent and impact of the GEM anomalies around hot spots of mercury concentration, something which we already came across in the Almadén District (e.g., Llanos et al. 2010; Martínez-Coronado et al. 2011; Higueras et al. 2013 ). Mercury gas may be a global pollutant, but strong dilution in the atmosphere makes its impact (at high concentration levels) extremely local.
The Andacollo-Punitaqui (Chile; Figs. 1, 2d) transect (89 km) was carried out in 2003 between two mining districts that hosts mercury deposits . Andacollo has been a site of continuous use of mercury for gold recovery for centuries. Hard rock mining was introduced before the end of the sixteenth century, and the main technological innovation consisted in the introduction of the water powered ''trapiches'' (an old Spanish word for mill), rock crushers consisting in two massive grinding stones mounted vertically on a horizontal axle and turning on top of a circular stone. An improved version of the old trapiches is used at present by the smallscale mining operations that still exist in the district (Fig. 4) . The trapiches are used for two purposes: (1) to crush ore for flotation of copper sulfides and (2) to recover gold on copper plates, which are covered by a thin film of mercury. The operation requires 0.8 kg Hg/day, and only 50-70 % of this mercury is later recovered. On the other hand, the Punitaqui district comprises shear-related copper-gold, and mercuryvein type deposits, and neither mining of mercury nor gold recovery using this element is performed at present. Taking all this into consideration, the survey was expected to result in the reading of high concentrations levels of GEM. However, apart from a few truly high concentrations found at the Andacollo and Punitaqui sites, ranging from hundreds to thousands of ng m -3 , the rural area between the districts has a mode of 6.3 ng m -3 . This should not come as a surprise, because even within the Andacollo district, the figures may vary from a few ng m -3 up to thousands. For example, the Dayton (Au) open pit does not show high levels of mercury, except for a few data from the Natalia pit in the order of 20-30 ng m -3 . The higher levels are to be found in the town itself, at the entrance of the giant cyanide heap-leaching operation of Dayton, and particularly near to the trapiches. The same applies to Punitaqui, where we detected highly variable levels of mercury that result in three data populations: (1) very low concentrations (up to 2 ng m -3 ) that represent clean agricultural areas; (2) a transitional population between 2 and 12 ng m -3 detected in the immediate vicinity of the mining complex; and (3) a truly anomalous population that reach values well over 100 ng m -3 . Thus, the Andacollo-Punitaqui case further supports a weak to extremely weak dispersion of GEM, which must become strongly diluted in the atmosphere after it leaves the source and mixes with clean air (Fig. 2d) .
The Apolobamba area in Bolivia (Figs. 1, 2e ) is located about 160 km to the NNW of La Paz, and it is one of the main sites for artisanal gold mining (AGM) at present in Bolivia. The gold mines are relatively scarce (4-5 in activity during our visit), and they are relatively irrelevant in terms of production and have one or two milling facilities per mining site. During the survey, we also visited the ''country market'' where the gold trade is carried out and where the sellers ''reburn'' the Au-Hg amalgam to purify the gold. The rest of the region is almost pristine, with very low population, and it is located at an altitude of 2,500-5,100 m a.s.l. However, Acosta et al. (2011) indicate that mining produces a very serious impact on the ecosystems as well as on the health of miners and inhabitants. In this regard, there is common misconception regarding the chemistry of mercury, because different from what is rather usually sustained by the extreme views held by some lobbying environmental groups, a drop of metallic mercury will not dissolve instantly in water like table salt. In fact, even at laboratory conditions, metallic mercury is only slightly soluble in water (e.g., WHO 2005; Health Canada 2009). Our data set shows a slightly bimodal population (Fig. 2e) with a low main mode of 16 ng m -3 . Similar to the Chilean case, we found that at Apolobamba, most of the data are at low levels, which increase to hundreds and even thousands of ng m -3 (Fig. 2e) at localized pollution hot spots related to the use of mercury for amalgamation.
The Venezuelan data (Figs. 1, 2f ) were obtained during a survey carried out at the El Callao area (SE Venezuela) during July 2008. This area hosts an important number of small-scale mining sites, as well as an important mine operated by the state-owned company MINERVEN, which has two cyanidation plants producing together about 200-300 kg of gold/ month . The town (El Callao) is also an important jewelry center, with gold trade involving the re-burning of amalgams to purify the gold; no data from El Callao town were used in our survey. The Minerven's Peru Plant processes 5,200 tons of material per month, and about 15 % of the material are Hgcontaminated tailings purchased by the company from the artisanal gold miners . In turn, the artisanal miners use copper plates usually dressed with a thin layer of mercury used to amalgamate free gold particles ), a procedure equivalent to that employed at Andacollo (Chile; see Higueras et al. 2004 Higueras et al. , 2005 ; Fig. 4) . Abrasion of the mercury surface releases droplets that go out with the pulp, and given that the majority of artisanal miners in El Callao do not use a mercury trap at the end of the plates, the tailings usually contain between 60 and 80 lg g -1 . The results of our survey resemble those of Apolobamba (Bolivia) although the mode is higher at 56 ng m -3 . Besides, if we compare the modes obtained for artisanal gold mining (AGM) in our South American case studies (Table 1) , a pattern emerges from a mere 6.3 ng m -3
at Andacollo (Chile) to 16 ng m -3 at Apolobamba (Bolivia) and 56 ng m -3 at El Callao (Venezuela). Given that procedures for gold recovery are similar in these districts, this remarkable increase can only be explained in terms of processed tonnage, which is much larger at El Callao, whereas at Andacollo, AGM is just a slowly dying relict activity. Additionally, perhaps we should highlight another fact: the GEM concentration levels from El Callao are equivalent or higher than those highly polluted mercury districts such as Almadén, Idrija and even Mt. Amiata (Table 1) . This is important enough to call the attention on a site that is not only overwhelmed by poverty but also by the dangers imposed by outdated and risky procedures for gold recovery (see Veiga et al. 2005 ).
Cities
Regarding Group 2 (Cities), we have already discussed that the case of Puertollano (Spain), which despite being a highly industrialized city hosting coalfired plants and a large oil refinery, has low concentrations of GEM (Fig. 3a) . Seville (Spain; Figs. 1, 3b) is the fourth largest city in Spain and has a population of about 700,000 inhabitants. The township covers an area of about 140 km 2 , whereas the metropolitan area comprises 46 towns with a total population of about 1,500,000 inhabitants. Seville is an important commercial, services and financial center, and the metropolitan area hosts an important industrial activity. Our survey was carried out in 2011 and resulted in a peculiar bimodal data distribution. However, both the background and the anomalous populations display low and very low GEM concentration data. The first one mostly consists of 0.3-3 ng m -3 data, which is low indeed for a large city. The second population whose origin is uncertain should not be considered as an environmental potential risk, because the largest figures are below 30 ng m -3 . Thus, we have two urban cases where despite the existence of potential sources of mercury emissions such as oil refineries, coal-fired power plants (Puertollano) and intensive traffic and industry (Seville), the figures for GEM concentration are very low. On the other hand, Rossini Oliva and Fernández Espinosa (2007) indicate that the industrial influence in Seville is of lesser importance, and that the main anthropogenic emissions are related the vehicular traffic. Thus, the key question here is how fuel combustion actually relates to mercury emissions. In this regard, Pacyna et al. (2006) indicate that ''as much as two-thirds of the total emission of ca, 2,190 tones of Hg emitted from all anthropogenic sources worldwide in 2000 came from combustion of fossil fuels.'' This is intriguing, because as shown by our data, neither traffic nor combustion of coal seems to have a severe impact on what concentration of GEM is concerned. Thus, either there is an overestimation regarding the data scaling process for the global emissions, or GEM dissipates from the urban environment too fast to be measured accurately. Whatever the case might be, having relatively low concentrations of GEM at air-polluted cities such as at Puertollano or Seville is a remarkable fact and good news for the inhabitants of these cities and others listed in Table 1 . On the other hand, Slemr et al. (2011) suggest that the mercury emissions reductions in some countries are believed to be offset or even surpassed by the increasing emissions in rapidly industrializing countries. However, perhaps we are too strongly focusing our approach to mercury emissions on anthropogenic sources, either forgetting or inadvertently bypassing the existence of others of (also) major importance. In this respect, naturally, Hg-enriched substrates constitute long-lived sources of mercury to the global atmospheric cycle of this element, and their contribution to the regional and global atmospheric budgets needs to be reassessed (Gustin et al. 2000; Engle and Gustin 2002) .
The St. Petersburg transect (Figs. 1, 3c ) was one of the earliest with the LUMEX instrumentation and took place in 1995, crossing the whole St Petersburg city from south to north along 40 km. St. Petersburg is the second largest city in Russia, having a population (2010) of 4,879,566 inhabitants. The area is a major financial and industrial center, and main activities relate to oil and gas trade, shipbuilding, aerospace industry, radio and electronics, software and computers, machine building, heavy machinery and transport, military equipment, mining, instrument manufacture, ferrous and nonferrous metallurgy, chemicals, pharmaceuticals, medical equipment, publishing and printing, food and catering, wholesale and retail, textile and apparel industries. Thus, in many ways, St. Petersburg can be regarded as a potential hot spot for GEM Environ Geochem Health (2014) 36:713-734 723 contamination. However, most of the data population falls within the 1-30 ng m -3 , whereas a few scattered data reach concentrations above 100 ng m -3 . In this respect, Mashyanov and Reshetov (1995) and Pogarev et al. (1997) indicate that there are a number of different sources of outdoor and indoor mercury pollution in St. Petersburg, with local haloes in ambient air of up to 150-300 ng m -3 ; these concentrations have been recorded around city industrial plants involved in the production of electrical and control instruments, batteries, medicines and over some dump sites.
City of Tuzla is not so large city as previously discussed; however, it is third biggest city and one of most polluted in Bosnia and Herzegovina with population of 120,000 (in 2011). The main source of mercury pollution in the area is soil heavily contaminated by mercury released from the former chloralkali plant using mercury cell technology. During the operation, the chlor-alkali plant emitted large quantity of mercury to air, water and soils. It was shown that mercury evaporation from contaminated soil is the main source of elevated mercury in air reaching concentrations over 100 ng m -3 and even few lg m -3
in vicinity of former chlor-alkali plant (in September 2005). Important potential source of Hg in air is also a 715 MW coal-burning power plant located in the vicinity of former chlor-alkali industry. It should be noted that elevated concentrations were found not only locally around industrial sources, but also on larger town area with no bigger sources. The last of our cities discussed here in detail is Guiyang (China; Figs. 1, 3d) . The city is the capital of the Province of Guizhou (Southwest China) and has a population (2010) of 4,324,561 inhabitants. By the 1970s, Guiyang became a major producer of aluminum and also produces aerospace engine parts and equipment, industrial and mining equipment, as well as railway vehicles and equipment. Additionally, Guiyang has a large chemical, pharmaceutical, glass, paper and textile industry. However, as noted by Feng et al. (2004) , total airborne mercury (gaseous, reactive and particulate Hg; instrument: Tekran 2537A) has a mean concentration of a mere 8.4 ng m -3 . Our results for 2010 confirm those of Feng et al. (2004) , with most of our data population being between 3 and 30 ng m -3 . This is peculiar case for a city that is considered as one of the most seriously polluted in China. Province of Guizhou is also a host of largest Hg deposits in Wanshan, about 250 km NE from Guiyang. It is the area of severe Hg pollution due to Hg mining and smelting. Large-scale Hg mining operations stopped in 2004, while some artisanal smelting and mining activities are still present (Dai et al. 2012) . Air Hg concentration range reported for area (Dai et al. 2012 ) covers the range between 17 and 2,100 ng m -3 ; however, in vicinity of abandoned and ongoing artisanal smelting activities, concentrations were much higher, exceeding locally few tens of lg m -3 (May 2011).
Although our data for cities are in a higher range than those for the global medians for the period 1995-2010 (about 0.8-1.8 ng m -3 ; Slemr et al. 2011 ), they are nevertheless far from being a risk for human populations. We shall address again this crucial matter in the following section ''Temporal evolution of measurements.''
Areas with natural emissions from volcanoes
Volcanic GEM emission estimates suggest a figure of 112-700 tones per year (Nriagu and Becker 2003; Pyle and Mather 2003) . Quiescent volcanic degassing would account for 10 % of the yearly estimated flux of GEM, and small eruptions may contribute about 75 % of the total, whereas those of catastrophic character would overwhelm the atmospheric budget of the element (Pyle and Mather 2003; Oyarzun et al. 2005; Fig. 5) . In this respect, during the first 2 weeks of September 1980 (during a noneruptive phase), the daily Hg output from the Mt St Helens system ranged from 200 to 1,700 kg (Varekamp and Buseck 1981) . Schuster et al. 2002) Thus, the natural sources can be more important than the credit (or discredit) they usually receive for their contribution to Hg emission budget. We should anyway keep in mind that it was volcanic activity what actually gave rise to the world's largest natural Hg accumulation: the Almadén district ore deposits (Higueras et al. 2000) . Perhaps mercury isotope compositions will contribute much in the future to elucidate the actual sources of this pollutant and their relative importance (e.g., Feng et al. 2010) .
Mt. Etna (Sicily) 
Pristine areas
Our Group 4 data sets correspond to (at least in principle) pristine locations. The first one corresponds to the Kruger national Park in South Africa (Figs. 1,  3e ). The park was established in 1898 to protect the wildlife of the South African Lowveld, constitutes the largest animal reserve in South Africa and covers about 19,000 km 2 . As expected for a wild realm lacking cities and/or industries, the surveys showed very low values in the range of 0.3 to 10 ng m -3 ; the surveys were carried out in 2011 and comprised the camps of Punda Maria and Tamboti. On the other hand, the 32 km transect of Kajaani-Vuokatti (Finland; Figs. 1, 3f ) covers the typical Finnish landscape of woods and lakes, and was done in 2012. Kajaani is the capital of the Kainuu region and has 38,038 inhabitants (2012). The only industrial activity in the area is that of the Talvivaara mine, one the largest Finnish nickel mines, a site located about 28 km from Kajaani. The data set resembles that of the Kruger Park in that both have most of the population within the range 0.3-10 ng m -3 , thus suggesting mostly pristine environmental conditions despite open-pit mining activity at Talvivaara.
Measurements in southern Brazil, between Porto Alegre on North and Rio Grande, were done mostly on road transect between mentioned cities on west (April 2012) or east (October 2012) side of Patos Lagoon, coastal area of Rio Grande, and most southern part of Patos Lagoon. Coast is formed by two great estuarine lagoons, the Lagoa dos Patos and Lagoa Mirim, which are separated from the ocean by two sandy, partially barren peninsulas. All measurements were made in transects with resolution of 1 s. Eastern part is a wide Environ Geochem Health (2014) 36:713-734 725 coastal zone only slightly elevated above the sea level between Patos Lagoon on W and Atlantic ocean on E, while way along western part of lagoon is more inland, but still very flat, only few m a.s.l. Area between Porto Alegre and Rio Grande is mostly pristine used for cattle breeding and agriculture; however, there are some bigger towns with populations up to 450,000 (i.e., Pelotas, Sao Lorenco, Camaqua) and industry that represents several possible Hg sources to the atmosphere as well as to the lagoons (i.e., thermal power plants, cement plants, fertilizers production and ports) located mostly in biggest cities (Pelotas, Rio Grande and Porto Alegre). Measured Hg concentrations were typically around background values (*2 ng m -3 ) in pristine areas between cities, while concentrations in cities were slightly higher (4-6 ng m -3 ). In a very limited area around a new fish factory in Rio Grande, Hg in air reached values up to 16 ng m -3 . Lower concentrations in air were found over Patos Lagoon (1.51 ng m -3 in average) than over the land around lagoon (2.07 ng m -3 ). Further information regarding the data distribution sets discussed above and other sites belonging to Groups 1-4 can be obtained from Table 1 .
Temporal evolution of measurements
An important issue regarding mercury atmospheric measurements concerns its temporal evolution. Authors such as Cole et al. (2013) , Ebinghaus et al. (2011) , Kim et al. (2005) , Kock et al. (2005) and Slemr et al. (2003 Slemr et al. ( , 2011 among others have detected a descent in atmospheric mercury levels with time, due to the regulations banning its usage and manipulation (Mercury Policy Project 2008; DEFRA 2010) . Our data are not the most appropriate to analyze this question, since they come from different locations, with important differences in typology of the possible sources, producing different discrete effects on the surrounding environment. So, Fig. 6a shows the general tendency for our data, considering two differentiated subpopulations: European and South American data; on the other hand, in Fig. 6b , we have eliminated the data from sites that could be considered as anomalous or clearly contaminated, such as Almadén (Spain), Monte Amiata (Italy) and Tuzla (Bosnia & Herzegovina) for Europe, and Apolobamba (Bolivia) and El Callao (Venezuela) for South America. Considering the rest of data, clear descending tendency arises for both data sets, probably as an indication of the general worldwide tendency of mercury reduction caused by the mentioned governmental measures. This descent has also been demonstrated in discrete highly polluted sites after the performance of source reclamation works ).
Atmospheric mercury concentrations: when should we worry?
The US EPA (2012) indicates that a toxic substance is the one that can be harmful to the environment and to human health if inhaled, swallowed or absorbed through the skin. In addition to this definition, the HESIS (2008) adds the amount (dose) of the substance that is required to cause harm. The HESIS (2008) also indicates that the toxicity of a substance depends on its chemical structure, the extent to which the substance is absorbed by the body and the body ability to detoxify the substance by elimination. Thus, the point is when and why should we get worried regarding a toxic substance. This is the key issue here because we may end up mixing the concepts of hazard and risk. While hazard is something with the potential to cause harm, risk is the likelihood that the harm will occur from exposure to the hazard. In this regard, a contaminant such as GEM is (no doubt) a hazard, although the big question is whether this contaminant may pose (or not) a risk to human health.
We all know the story of the shepherd boy who repeatedly tricked nearby villagers by making them to believe that a wolf was attacking his flock of sheep. One day, when the wolf actually appeared in the scene, the villagers did not believe the cries for help and the flock was slaughtered. End of the story? Not long ago, Ladle et al. (2004a, b) from Oxford University called the attention of the scientific community on the dangers of crying wolf. Although their letter to the journal Nature was on another controversial topic (climate change and mass extinction of biological species), the basic issue raised by these authors remains the same for a series of environmental issues. Ladle et al. (2004a, b) stated that ''media coverage of conservation research is usually welcomed by the scientists involved, but there are pitfalls to heed. Damaging simplifications of research findings may expose conservationists to accusations of crying wolf and play directly into the hands of anti-environmentalists.'' In this regard, if we load the Google search engine with the words ''mercury danger,'' about 49,300,000 results turn up into the screen. This is a very relevant issue, because if anyone raises the alarm just because the instruments detect the existence of GEM, we shall be doing a poor service to science and society in more than a way. In this respect, Oyarzun et al. (2007) reviewed key health and safety regulation regarding atmospheric mercury, which provides valuable information to understand when a hazard becomes a risk. The World Heath Organization (WHO 2000) indicates that concentrations of Hg in air in the range of 15,000-30,000 ng m -3 may have effects on human physiology (tremors, renal tubular effects, change in plasma enzymes and others). However, the same organization recognizes that these figures are rough estimates and that it seems appropriate to use an uncertainty factor of 20; thus, an estimated guideline for mercury concentration in air would be 1,000 ng m -3 (WHO 2000). The US EPA (2007a, b; Region 5) recommends the following: if GEM concentrations are between 1,000 and 10,000 ng m -3 , relocation of residents should be scheduled as soon as possible. For concentrations above 10 lg m -3 ([10,000 ng m -3 ), residents should be relocated immediately. In this respect, GEM concentrations above the range 10 3 -10 4 ng m -3 are usually found in mercury mining sites or mercury metallurgical installations (e.g., Higueras et al. 2005 Higueras et al. , 2006 Kotnik et al. 2005) . On the other hand, the current US Occupational Safety and Health Administration permissible exposure limit for GEM is 0.1 mg m -3 (100,000 ng m -3 ) of air as a ceiling limit (US OSHA, 2007) . Besides, the National (US) Institute for Occupational Safety and Health (NIOSH) has established a recommended exposure limit for GEM of 0.05 mg m -3 (50,000 ng m -3 ) as a time-weighted average (TWA) for up to a 10-h workday and a 40-h workweek (US OSHA, 2007) . The American Conference of Governmental Industrial Hygienists has assigned to GEM a threshold limit value of 0.025 mg m -3 (25,000 ng m -3 ) as a TWA for a normal 8-h workday and a 40-h workweek (US OSHA, 2007) . The minimum risk level (MRL) for chronic inhalation of GEM is 0.0002 mg m -3 (200 ng m -3 ) (US OSHA, 2007; ATSDR, 2012 ). An MRL is an estimate of the daily human exposure to a hazardous substance that is likely to be without appreciable risk of adverse (noncancer) health effects over a specified duration of exposure. The US EPA reference concentration for inhalation is calculated to be 0.0003 mg m -3 (300 ng m -3 ) (TWA) (US OSHA, 2007).
If we take the strictest regulation regarding GEM (US OSHA, 2007; ATSDR, 2012) , we reach the conclusion that very few data in our surveys (Figs. 2,  3 ) are above the figure of 200 ng m -3 . To find ''above US OSHA'' populations, one has to get very near to active sources of mercury such as those one may expect in artisanal gold mining sites, where the careless use of mercury may result in higher than normal emissions of GEM. In this regard, what we should call ''normal'' and ''anomalous''? Our ''pristine sites'' (Group 3) have concentrations within a range of 0.3-10 ng m -3 (Fig. 3e, f) . The range expands a bit in cities (Group 2) and may reach an upper boundary of 30 ng m -3 or even reach 250 ng m -3 (Fig. 3c) , although the latter is an extremely rare concentration. Thus, the big issue here is whether a hazard such as GEM can become a risk. Not long ago, part of this team conducted four surveys in two plant herbaria in Madrid (Spain), finding GEM Environ Geochem Health (2014) 36:713-734 727 concentrations in the order of thousands to tens of thousands of ng m -3 (Oyarzun et al. 2007) . The reason why is simple: a classic threat to preservation of herbarium specimens are insects and fungi, for which a series of chemical deterrents were used in the past, among them mercuric chloride (HgCl 2 ). Mercuric chloride was widely used until the 1970s and even the early 1980s in some herbaria (Clark 1986) , when health risks made it unsuitable for specimen preservation (Oyarzun et al. 2007 ). The GEM concentrations found at the Royal Botanical Garden (CSIC) and Biology II Department (UCM) herbaria (Madrid) were by any standard extremely high, and taken into account that people worked under these conditions, we can properly call these concentrations a ''risk. '' An entirely different matter is Group 2 (the cities), where we could not find the slightest evidence for a case of GEM generalized pollution. This despite the existence of oil refineries, heavy traffic, and even the existence of coal-fired plants. This calls for a reassessment regarding the importance of coal combustion plants (Carpi 1997 ) and oil refineries (O'Rourke and Connolly 2003) as Hg sources; either their importance is not that high or the clean air has a dilution power much more important than we ever thought. Whatever the case is, we should also keep in mind that almost as important as the anthropogenic sources are those related to the volcanic activity, either during quiescent volcanic degassing or catastrophic eruptions (e.g., Nriagu and Becker 2003; Pyle and Mather 2003; Oyarzun et al. 2005 ; Fig. 4) .
A final consideration regards Group 1, where the mining of alluvial gold using mercury for amalgamation is or has been performed. It is in this group where we found the most important concentrations of GEM. Artisanal and small-scale gold mining (ASGM) in tropical settings has called the attention of many environmental groups for most of the last decades, which is partly because of the assumption that a ''drop'' of mercury can contaminate giant volumes of river water. However, as we already discussed above, mercury is only slightly soluble in water (e.g., WHO 2005; Health Canada 2009); in other words, the reaction Hg 0 = Hg 2? ? 2e -(E 0 = ? 0.85) will be of lesser importance, particularly in organic-matterrich, oxygen-poor waters as we may expect in some of jungle river waters such as those of Amazon basin, where oxidation of the abundant organic matter consumes O 2 (e.g., Richey et al. 1988; Amon and Benner 1996) . On the other hand, the emitted GEM is oxidized to Hg 2þ gas in the atmosphere, a reaction mediated by ozone (O 3 ) (e.g., Lindberg and Stratton 1998; Sillman et al. 2005 ) and halogen species (e.g., Cl, Br, ClO, BrO) (e.g., Berg et al. 2008; Sigler et al. 2009 ). However, the residence time of Hg 2þ gas in the atmosphere is very short (in the range of days) and its concentration is very low, being typically in a very low proportion of the total gaseous mercury (Sprovieri et al. 2010) . As measured at the Almadén district and Puertollano (Fig. 1) , the mean concentration of Hg 2þ gas is typically less 0.1 % (unpublished data by this team), which can be explained by the absence of sea-salt aerosols (e.g., Berg et al. 2008) ( aq. : aqueous) in the organic-matter-rich fluvial waters of the tropical forests (where most of the present ASGM takes place) is a key matter to be evaluated in relation to the actual risks posed by a hazard such as atmospheric mercury. This is because the most dangerous species of mercury for human health is methylmercury, and for that to form, bacterial activity and Hg is required (e.g., Hamdy and Noyes 1975; Lambertsson and Matsnilsson 2006) . In fact, bacterial production of methylmercury can be regarded as a detoxification metabolic process against mercurial compounds, which results in conversion of inorganic mercury (Hg 2þ aq: ) to the organic form (CH 3 Hg þ aq: ) ultimately leading to the excretion of this species to the environment (e.g., Hamdy and Noyes 1975) . Lambertsson and Matsnilsson (2006) indicate that although the Hg and CH 3 Hg þ aq: is weak, and factors affecting bacterial activity are important. They go further concluding that the amount of organic matter is also a major factor affecting methylmercury formation, whereas the total amount of Hg has, surprisingly, little or no influence. In this regard, as indicated by Sunderland et al. (2009) , atmospheric deposition is widely recognized as the dominant Hg source to open ocean regions, and in this respect, these authors have observed that there is a positive linear relationship between increasing rates of organic carbon remineralization and methylated mercury concentrations, which suggests a link between organic carbon and mercury methylation in the open oceans. Given that fish can eventually incorporate this methylated mercury, this is a hazard that society has to deal with. However, to our knowledge, higher frequency of neurological signs characteristic of methylmercury poisoning has only be detected in the area of influence of the Minamata Bay in Japan, that is, in the Shiranui Sea coastal villages (Ninomiya et al. 1995) . This suggests that truly elevated concentrations of methylmercury (such as those that can be provided by uncontrolled industries that use mercury) must be present in the waters to induce a real risk regarding this dangerous pollutant. Furthermore, the authors of a comprehensive and long-lasting (27 years) study undertaken by a team of the University of Rochester (New York; Myers et al. 2000) indicate that: ''the clinical studies that our team has carried out in Samoa, Peru and the Seychelles provide no evidence that consuming large quantities of fish is associated with adverse effects on adults or children.'' They went further stating that: ''restricting fish consumption without clear justification could potentially adversely affect children's development. This is especially true in societies where fish is the primary source of protein. '' But let us return to our study case on mercury gas (s.s.) and gold alluvial mining; another hazard is generated by (1) the accidental but usually common losses of Hg 0 metal ; and (2) the heating of Hg-Au amalgams to purify gold; given that mercury is very volatile, these processes result in either partial (1) or total (2) gasification of mercury (Hg 0 metal ! GEM). While both are of much concern, the second one directly affects to the miners performing the burning. Once mercury is in the lungs, the element is oxidized, thus forming Hg 2? complexes that are soluble in the body fluids, which can induce permanent damage to the nervous system . In this regard, whoever has inspected an ASGM operation has been able to observe firsthand the precarious conditions in which the Hg-Au amalgam is dealt with. Shanty towns characterize this landscape of misery inhabited by people that did not choose but somehow were forced to work under appalling conditions (Spiegel and Veiga 2005) . It is within this landscape where the most serious risks for human health are present. In this respect, the El Callao site in Venezuela ) may be one of the few cases in our Groups 1-3 in which we can properly cry wolf, as we are not addressing the ''potentiality'' of a hazard to be become a risk, but of a case in which the people (miners and their families) are indeed facing a risk.
Conclusions
As seen in the discussion and Figs. 2, 3 , and Table 1 , most of the data sets for Group 2 (cities) are within low GEM concentrations that rarely exceed 30 ng m -3 , which is not too far away from our ''control'' Group 3 data sets (mostly pristine environmental settings). In this respect, 30 ng m -3 is 6.6 times less than the most restrictive US OSHA (2007) & ATSDR (2012) threshold at 200 ng m -3 . The low GEM levels obtained for cities become a true oddity in the case of Puertollano (GEM \ 10 ng m -3 ), a small but highly industrialized city which (1) is relatively close to the Almadén (world's largest) mercury mining district (Fig. 1) ; (2) hosts one of the largest oil refineries in Spain; and last but not least (3) hosts two coal-fired power plants. Let us remember that all of these are regarded as important GEM sources. Given that the instrumental measurements have been checked many times along the years and validated, we must come to the conclusion that either the potential sources of GEM are not as important as thought, or the air is constantly recycled thus keeping low levels of atmospheric mercury. In our opinion, these are not necessarily mutually exclusive views. Besides, as shown by previous works Llanos et al. 2010; Martínez-Coronado et al. 2011) , clean air indeed dilutes high concentrations of GEM in the field in very short distances (a few hundreds of meters or less), which holds true even for highly polluted ([40,000 ng m -3 ) indoor settings as shown by our works at the Royal Botanical Garden herbarium of Madrid (Oyarzun et al. 2007 ). Based on all this, we must conclude that GEM high concentrations are to be regarded for what they are, that is, localized phenomena that easily fade away in short distances. However, the fact that high concentrations of GEM are ''localized'' does not mean that they do not pose a major risk for those working in close proximity to the source, such as the case of the precarious installations used by the gold artisanal miners, or some other working installations, and even in some domestic situations. We believe that this final statement would even pass the rather dubious and strict legal test imposed by the US Supreme Court regarding the concept of ''clear and present danger'' (e.g., Boudin 1952) , because in this case, we are not addressing just a potential danger but one that is likely to cause harm if it is not immediately neutralized.
